Highly functionalized carbonaceous materials were produced by means of the hydrothermal carbonization of cellulose at temperatures in the 220-250ºC range. The formation of this material follows essentially the path of a dehydration process, similar to that previously observed for the hydrothermal transformation of saccharides such as glucose, sucrose or starch. The materials so formed are composed of agglomerates of carbonaceous microspheres (size ~ 2-5 μm), as evidenced by SEM. The combination of the results of the elemental analysis with that obtained by different spectroscopic techniques (infrared and Raman spectroscopy, and XPS) has allowed us to inferred that, from a chemical point of view, the solid product consists of small clusters of condensed benzene rings that form stable groups with oxygen in the core (i. e. ether, quinone, pyrone), whereas the shell possesses more reactive/hydrophilic oxygen functionalities
Introduction
The thermal treatment of water mixed with organic substances such as saccharides (glucose, sucrose or starch) or simpler compounds such as furfural at temperatures in the 150-350ºC range (autogenous pressure) gives rise to water-soluble organic substances and a carbon-rich solid product. This process, termed hydrothermal carbonization, has generated widespread interest in recent years [1] [2] [3] [4] [5] [6] . However, the hydrothermal treatment of saccharides is not a new process. Experiments involving the hydrothermal carbonization of different types of saccharides were carried out during the first half of the twentieth century in order to obtain information about the mechanism of natural coalification [7] [8] [9] . Later on, numerous papers dealing with the hydrothermal treatment of cellulose to obtain liquid fuel or chemicals appeared [10] [11] [12] [13] [14] . Not until recently, however, has any attention been paid to the solid residue resulting from this treatment. Wang et al. were the first to report on the hydrothermal treatment of sucrose as a way to produce carbonaceous microspheres (size ~1.5 µm) [1] . Subsequently, Sun and Li reported on the preparation of carbonaceous microspheres of a tunable size (0.2 -1.5 μm) loaded with noble-metal nanoparticles [3] . Other groups have taken advantage of the oxygen functionalities present on the outer surface of the carbonaceous microspheres and employed them as sacrificial templates to fabricate hollow spheres of inorganic materials (Ga 2 O 3 , GaN, WO 3 , SnO 2 , etc) [3, [15] [16] [17] [18] [19] . We have previously investigated the use of carbonaceous microspheres produced by the hydrothermal carbonization of glucose, sucrose and starch as precursors for the production of graphitic carbon nanostructures and the application of these nanocarbons as electrocatalyst supports [20, 21] .
Among the potential saccharides that can be employed to produce carbonaceous materials through hydrothermal carbonization, cellulose is the most promising material as it is by far the most abundant and inexpensive saccharide available. Although several authors have reported using cellulose for the production of carbon materials by means of pyrolysis at high temperatures [22] [23] [24] , to the best of our knowledge, no one has employed cellulose to produce carbonaceous materials by means of hydrothermal carbonization. In the present work we investigate the potential of cellulose as precursor for the production of highly functionalized carbonaceous materials via hydrothermal carbonization. The chemical and structural characteristics of the hydrothermally carbonized products are also investigated.
Experimental

Hydrothermal treatment of cellulose
The hydrothermal carbonization of cellulose was carried out according to the following procedure. Between 2 and 16 g of cellulose (Aldrich) was dispersed in water (50 mL) and stirred for 4 hours. The ratio volume of solution/volume of autoclave is around 0.3. The mixture was then transferred to a stainless steel autoclave fitted with a stirring mechanism, heated up to a temperature in the 200-250ºC range and maintained at this temperature for 2 or 4 hours. The resulting solid product (here denoted as hydrochar) was recovered by filtration and washed with abundant distilled water. Then, it was dried at 120ºC for 4 hours. The experimental conditions (concentration, temperature and time) used in these experiments are listed in Table 1 . The codes used to identify the hydrochar samples are also indicated in this table.
Characterization methods
Scanning electron microscopy (SEM) microphotographs were obtained with a Zeiss DSM 942 microscope. Diffuse reflectance infrared (IR) spectra of the powders of the materials were recorded on a Nicolet Magna-IR 560 spectrometer fitted with a diffuse reflection attachment. The Raman spectra were recorded on a Horiva (LabRam HR-800) spectrometer. The source of radiation was a laser operating at a wavelength of 514 nm and a power of 25 mW. X-ray photoelectron spectroscopy (XPS) was carried out by means of a Specs spectrometer, using MgKα (1253.6 eV) radiation from a double anode at 50 w. Binding energies for the high-resolution spectra were calibrated by setting C 1s to 284.6 eV. Adsorption measurements were performed using an ASAP 2020 (Micromeritics) volumetric adsorption system. The thermogravimetric experiments were carried out in a C.I. Electronics analyser. Elemental analysis (C, H and O) of the samples was carried out on a LECO CHN-932 microanalyzer. Figure 1 shows SEM images of the cellulose (Fig. 1a) and products obtained by hydrothermal treatment at 210ºC (Fig.1b), 220ºC (Fig. 1c), 230ºC (Fig. 1d) and 250ºC ( Figs. 1e and 1f) . It should be noted that, whereas the products from hydrothermal treatment at 210ºC exhibit an irregular morphology similar to that of pristine cellulose, the samples obtained at temperatures ≥ 220 ºC consist mainly of aggregates of microspheres with a diameter in the 2-10 μm range. The SEM images ( Fig. 1) evidence that there is an abrupt morphological change in the 210-220ºC range. These results suggest that the onset of the hydrothermal reactions for the cellulose occurs at around 220ºC. This conclusion is confirmed by the effect that hydrothermal treatment has upon the microcrystalline structure of cellulose. Thus, pristine cellulose exhibits three characteristic peaks, as shown in Figure 2 . The (101) and (002) reflections are caused by the transverse arrangement of the crystallites in cellulose I, while reflection (004) is related to the longitudinal structure of the polymer [25] . It is observed that when cellulose is hydrothermally treated at 210ºC, the resulting material exhibits a XRD pattern similar to that of pristine cellulose, indicating that the microcrystalline structure of the cellulose has been preserved. In contrast, the samples obtained at temperatures ≥ 220ºC are no longer crystalline, as can be deduced from the absence of reflections in the XRD pattern (see Figure 2 ). These results evidence that the onset of hydrothermal carbonization takes place at around 220ºC. This is also confirmed by the FTIR spectra corresponding to the hydrochar samples obtained at different temperatures, as will be discussed in the next section. The temperature for the onset of hydrothermal carbonization of cellulose is considerably higher than for glucose, sucrose or starch (~160-170ºC) [26, 27] . The strong resistance of the cellulose to decompose is a consequence of the fact that the hydroxyl groups of the glucose residues present in the structure of the cellulose form hydrogen bonds that hold the polymeric chains firmly together and side-by-side [28, 29] .
Results and discussion
Structural properties
Analysis of the textural properties of the cellulose-derived hydrochar samples shows that they have a poor porosity, as evidenced by the N 2 adsorption isotherm obtained for the CE-2 sample (see Figure S1 in Supplementary Information). This sample has a BET surface area of 30 m 2 ·g -1 , which matches well with the external surface area determined by the α s -plot technique (26 m 2 ·g -1 ) (see inset in Figure S1 ).
Chemical characteristics
The hydrothermal carbonization of the cellulose leads to an increase in the carbon content of the solid residue from 44.4 wt % (cellulose) to 70.7-72.5 wt % in the hydrochar samples (see Table 1 ). At the same time, there is a reduction in the oxygen and hydrogen contents. These variations are consistent with the formation of a wellcondensed material. Thus, analysis of the change in weight loss ( Figure S2a ) and the rate of weight loss ( Figure S2b ) with temperature (measured under an inert atmosphere)
for the hydrochar samples shows that the decomposition of this material takes place in a temperature range of ~ 300-700ºC, which is typical of highly condensed carbonaceous materials such as coal [30] . This behaviour contrasts with that observed for the pyrolysis of pure cellulose, which occurs suddenly at the relatively low temperature of ~ 300ºC (see Figure S2 ). It was also observed that an increase in the temperature of hydrothermal carbonization (i. e. from 230 to 250ºC) causes a decrease in the O/C and H/C atomic ratios (see Table 1 ), suggesting an increase in the degree of condensation of the hydrochar products. Moreover, shorter reaction times or higher concentrations of cellulose lead to less condensed products (high O/C and H/C atomic ratios). The variation in the elemental composition of the materials (from cellulose to hydrochar products) was analyzed with the aid of the Van Krevelen diagram (see Figure 3) [31], which shows that the evolution of the H/C-O/C atomic ratios from cellulose to hydrochar follows essentially the path of a dehydration process, similar to that previously observed for the hydrothermal transformation of saccharides such as glucose, sucrose or starch [26] .
The product yields (grams of hydrochar per 100 grams of cellulose) obtained from the hydrothermal carbonization are in the 30-50 wt % range (see Table 1 ). The percentages of carbon retained in the final solid product are also listed in Table 1 . It can be seen that, depending on the operational conditions, the carbon present in the cellulose retained in the hydrochar products is in the 54-84 wt % range, while the rest mainly remains in the organic compounds that are dissolved in the aqueous phase (i. e. furfural, 5-hydroxymethylfurfural, organic acids, aldehydes, etc) [32] [33] [34] [35] . It should be noted that for a carbonization temperature of 250ºC and high concentrations of cellulose (> 160 g·L -1 ), the percentage of carbon fixed in the hydrochar is ~70-80%. Taking into account the recalcitrant nature of carbon contained in the hydrochar (high resistance to be mineralised due to the microbial action), the above result suggests that the hydrothermal carbonization of cellulose is an effective way to increases the turnover time of the carbon contained in the biomass.
The chemical transformations that occur when the cellulose is converted into carbonaceous products by means of hydrothermal carbonization were examined by several spectroscopic techniques. FTIR spectra of the hydrochar samples and cellulose are shown in Figure 4 . It can be seen that the FTIR spectra of the sample hydrothermally treated at 210ºC is similar to that of the cellulose, confirming that no chemical transformation occurs when the cellulose is heat-treated at <220ºC. In contrast, the samples obtained at ≥220ºC exhibit completely different FTIR traces (see Figure 4 ). The spectra corresponding to the hydrochar samples obtained at ≥ 220ºC are very similar. They contain several bands which reveal that aromatization processes take place during hydrothermal carbonization. The presence of aromatic rings is also evidenced by the band at 1620 cm -1 , attributed to C=C vibrations [27, 36] , and to the bands in the 875-750 cm -1 region, assigned to aromatic C-H out-of-plane bending vibrations [37] . These hydrochar materials also possess aliphatic structures, as can be deduced from the band at 3000-2815 cm -1 , which corresponds to stretching vibrations of aliphatic C-H [38, 39] . Moreover, the presence of oxygen groups is suggested by the bands at: 3000-3700 cm -1 (a wide band attributed to O-H stretching vibrations in hydroxyl or carboxyl groups) [38] , 1710 cm -1 (C=O vibrations corresponding to carbonyl, quinone, ester or carboxyl) [35] and 1000-1460 cm -1 (C-O stretching vibrations in hydroxyl, ester or ether and O-H bending vibrations) [35] . The decrease (in relation to raw cellulose) in the intensity of the bands at 1000-1460 cm -1 and the broad band at 3000-3700 cm -1 suggest that dehydration occurred during the hydrothermal carbonization of the cellulose, confirming our analysis of the evolution of the O/C-H/C atomic ratios based on the Van Krevelen diagram (see Figure 3) . Table 1 ) with those calculated by XPS (0.282 and 0.275 for the CE-2 and CE-3 samples, respectively)
shows that the (O/C) atomic ratios in the core and in the shell of the particles are quite similar. This indicates that there is a high concentration of oxygen in the inner part of the hydrochar particles. We believe that the oxygen groups present in the core differ from those in the shell. Whereas the oxygen in the core forms stable groups (i. e. ether, quinone, pyrone, etc), whereas the oxygen functionalities in the outer layer consist of more reactive/hydrophilic groups (i. e. hydroxyl, carbonyl, carboxylic, ester, etc), as reflect in the XPS analysis.
The formation of hydrochar from cellulose
There are numerous works on the chemical transformations that take place when cellulose is treated under pressure in sub-or supercritical water in the literature [47] [48] [49] .
From this information it is possible to reconstruct the mechanism of the formation of hydrochar products from cellulose. This is schematically illustrated in Figure 6 . In a first step, when a cellulose aqueous dispersion is hydrothermally treated at temperatures >220ºC, the cellulose chains hydrolize. At this stage, the hydronium ions generated by water autoionization catalyse the hydrolysis of cellulose giving rise to different oligomers (cellobiose, cellohexaose, cellopentaose, cellotetraose and cellotriose) and glucose [48, 49] , which subsequently isomerizes to form fructose [29, 52] . The decomposition of the monomers produces organic acids (acetic, lactic, propenoic, levulinic and formic acids) [29, 53] , the hydronium ions formed from these acids being the catalysts of the degradation in subsequent reaction stages [54] . The oligomers also hydrolyze into their monomers, which undergo dehydration and fragmentation reactions (i.e. ring opening and C-C bond breaking) leading to the formation of different soluble products, such as 1,6-anhydroglucose, erythrose, furfural-like compounds (i.e. 5-hydroxymethylfurfural, furfural, 5-methylfurfural), the hydroxymethylfurfural-related 1,2,4-benzenetriol, acids and aldehydes (acetaldehyde, acetonylacetone, glyceraldehyde, glycolaldehyde, pyruvaldehyde) [34, 35, 47, [54] [55] [56] [57] . The decomposition of the furfurallike compounds also generates acids/aldehydes and phenols [49] . The subsequent reaction stages consist of polymerization or condensation reactions, which lead to the formation of soluble polymers [56] . These reactions may be induced by intermolecular dehydration or aldol condensation. At the same time, the aromatization of polymers takes place. C=O groups appear due to the dehydration of water from the equatorial hydroxyl groups in the monomers [58] . Alternatively, the C=C bonds (see Figure 4) may result from the keto-enol tautomerism of dehydrated species or from intramolecular dehydration [58] . Aromatic clusters may be produced by the condensation (by the growth process stops, the outer surface of the hydrochar particles will contain a high concentration of reactive oxygen groups, whereas the oxygen in the core forms less reactive groups.
Conclusions
In summary, we have presented a procedure for obtaining a carbonaceous product, denoted here as hydrochar, by means of the hydrothermal carbonization of cellulose.
The hydrochar is made up of micrometer sized spheres (size ~ 2-10 μm). The onset of carbonization under hydrothermal conditions takes place between 210ºC and 220ºC.
From a chemical point of view, the hydrochar contains a high amount of oxygen (~ 23-24 wt % of oxygen), which is present both in the core and in the shell of the carbonaceous microspheres. However, the nature of the oxygen groups in the core and shell differs, as inferred from XPS and FTIR measurements. Indeed, the oxygen in the inner part of the microspheres probably consists of less reactive groups (i. e. ether, quinone, pyrone), whereas the shell mainly contains more reactive/hydrophilic (i. e.
hydroxyl, carbonyl, carboxylic, ester) oxygen functionalities.
According to the mechanism proposed here, the formation of hydrochar takes place via: i) hydrolysis of cellulose chains, ii) dehydration and fragmentation into soluble products of the monomers that come from the hydrolysis of cellulose, iii) polymerization or condensation of the soluble products, iv) aromatization of the polymers thus formed, v) appearance of a short burst of nucleation and vi) growth of the nuclei so formed by diffusion and linkage of species from the solution to the surface of the nuclei. 
